Pulmonary infections in cystic fibrosis (CF) clinically exemplify how genetic resistance and phenotypic tolerance can challenge antimicrobial therapy. CF is a genetic disease with multisystem involvement, complicated by chronic bacterial pulmonary infections that cause death in childhood if untreated (Bye et al., 1994; Folkesson et al., 2012) . Modern antibiotic therapy has contributed to improving life expectancy up to 40 years (Marshall and Hazle, 2011) .
Pseudomonas aeruginosa is the primary pathogen associated with CF lung infections and disease progression (Chambers et al., 2005) . While early intervention may clear initial P. aeruginosa infections (Hansen et al., 2008) , once chronic infection is established, antibiotic therapy can decrease the burden of P. aeruginosa but not eradicate it (Ramsey et al., 1999) .
Antibiotic failure in this context is thought to be due to both genetic resistance and phenotypic tolerance (Gibson et al., 2003a; Mulcahy et al., 2010) . The CF airway environment is characterized by chronic inflammation, desiccated conditions, and variable nutrient availability (Boucher, 2007) . P. aeruginosa adapts to these conditions by forming biofilms, decreasing central metabolism, activating the stringent response, and inducing efflux pumps, each of which can confer phenotypic tolerance (Folkesson et al., 2012; Nguyen et al., 2011; Singh et al., 2000; Son et al., 2007; Yang et al., 2011) . In addition, the stringent response can promote aminoglycoside tolerance by dampening membrane potential, consequently reducing drug uptake (Nguyen et al., 2011; Verstraeten et al., 2015) .
Several recent studies have sought to biochemically overcome phenotypic tolerance in model organisms (Allison et al., 2011; Barraud et al., 2013; Conlon et al., 2013; Kaushik et al., 2016; Lebeaux et al., 2014) . Metabolic stimulations demonstrably potentiate aminoglycoside sensitivity in Escherichia coli and Staphylococcus aureus (Allison et al., 2011) and pH manipulations potentiate aminoglycoside sensitivity in P. aeruginosa (Kaushik et al., 2016; Lebeaux et al., 2014) . Here, we sought to understand the biochemical basis for phenotypic tolerance to aminoglycoside antibiotics in P. aeruginosa. We assayed the effects of metabolic stimulations on P. aeruginosa susceptibility to tobramycin, a cornerstone CF aminoglycoside therapeutic. We found that cellular respiration critically modulates tobramycin lethality by facilitating upstream drug import and fueling downstream death processes. We describe how metabolites such as fumarate can robustly potentiate tobramycin susceptibility, while other metabolites such as glyoxylate can promote tolerance. Collectively, we reveal metabolic mechanisms by which environmental factors can phenotypically tune the susceptibility of an important clinical pathogen to antibiotic treatment.
RESULTS

Central Carbon Metabolism Perturbations Alter Tobramycin Susceptibility in P. aeruginosa
Tobramycin efficacy in P. aeruginosa is extremely sensitive to growth phase. While isogenic exponential-phase cells exhibit marked tobramycin susceptibility, non-growing stationaryphase cells exhibit tobramycin tolerance ( Figure 1A) , indicating a phenotypic, rather than genetic, mechanism for altered sensitivity. PMF-dependent uptake is required for aminoglycoside internalization (Bryan and Kwan, 1983; Taber et al., 1987) , and stationaryphase cells are predicted to have lower metabolic activity (Kashket, 1981) . We hypothesized that the differences in tobramycin sensitivity between exponential-and stationary-phase cells could in part be explained by differential uptake. To test this, we challenged exponential-and stationary-phase P. aeruginosa cells with 40 mg/L Texas red-labeled tobramycin and quantified tobramycin internalization by flow cytometry. Differences in sensitivity appeared to be significantly associated with differences in drug uptake ( Figure  1B ).
Because growth phase-dependent PMF significantly affects tobramycin sensitivity, we hypothesized that metabolic stimulations could sensitize tolerant stationary-phase P. aeruginosa cells. We therefore screened carbon source metabolites from various central metabolism pathways in minimal media against tobramycin and quantified differences in survival ( Figure 1C ). We challenged stationary-phase cells with 40 mg/L tobramycin (sufficient for killing exponential-phase cells) supplemented with each carbon source normalized to deliver 60 mM total carbon. Interestingly, components of the lower part of the tricarboxylic acid (TCA) cycle (fumarate, succinate) and lower glycolysis (pyruvate, acetate) most strongly sensitized stationary-phase cells to tobramycin, while upper TCA cycle metabolites (citrate, glyoxylate) appeared to have little effect. This behavior was tobramycin specific ( Figure S1A ).
We further explored the differences between upper and lower TCA cycle stimulation by analyzing the effects of fumarate and glyoxylate supplementation on the sensitivity of stationary-phase cells to 320 mg/L tobramycin (sufficient for killing stationary-phase cells). While fumarate significantly potentiated the killing of stationary-phase cells by tobramycin, glyoxylate protected against tobramycin lethality ( Figure 1D ). We also observed glyoxylatemediated protection in exponential-phase cells ( Figure S1B ). We found fumarate-induced potentiation to be dose and time dependent (Figures S1A and S1C), suggesting the activation of a downstream physiological process. Because tobramycin sensitivity appeared to be explained by drug transport, we quantified uptake in stationary-phase cells treated with 40 mg/L Texas red-labeled tobramycin, with and without supplementation by either fumarate or glyoxylate. While fumarate-treated cells exhibited increased internalization, glyoxylatetreated cells did not differ from the untreated control ( Figure 1E ). These results were specific to tobramycin, as fumarate did not elicit any significant increase in the internalization of unconjugated Texas red ( Figure S1D ).
Tobramycin Potentiation Requires Enhanced Respiratory Activity
Aminoglycoside internalization requires a PMF generated by the electron transport chain (ETC) (Figure 2A ) (Taber et al., 1987) . In aerobic environments, oxygen functions as the terminal electron acceptor for respiration in the ETC; oxygen consumption therefore serves as a useful analog for ETC activity. Because fumarate and glyoxylate induced marked differences in tobramycin uptake, we hypothesized that they would also exert significant differences in respiratory activity. Using the Seahorse XFe extracellular flux analyzer, we quantified changes in the oxygen consumption rate (OCR) of stationary-phase cells in response to fumarate or glyoxylate treatment. Fumarate rapidly and robustly enhanced ETC activity, while glyoxylate completely suppressed ETC activity ( Figure 2B ). This suggests that fumarate may sensitize stationary-phase P. aeruginosa by stimulating cellular respiration, generating a PMF, and increasing tobramycin import, while glyoxylate may do the opposite. To test this, we measured changes in fumarate-and glyoxylate-induced membrane potential with DiBAC 4 (3), a fluorescent molecule that accumulates in depolarized cells (Rezaeinejad and Ivanov, 2011) . Fumarate re-polarized the membrane potential, while glyoxylate exhibited little effect ( Figures 2C and S2A ).
We hypothesized that respiratory enhancement was necessary for sensitization. To test this, we applied two ETC inhibitors (NaN 3 , a cytochrome c oxidase inhibitor, and 3-chlorophenylhy-drazone [CCCP], a proton ionophore uncoupler) to fumarate-treated cells and quantified tobramycin sensitivity. We found that NaN 3 suppressed fumarate-induced enhancements to respiration ( Figure S2B ), membrane potential ( Figure S2C ), and tobramycin potentiation ( Figure 2D ) and confirmed that NaN 3 disrupts tobramycin uptake ( Figure 2E ). CCCP similarly suppressed tobramycin potentiation, but also elicited the secretion of a yellow fluorescent pigment that directly confounded OCR measurements.
Collectively, these data demonstrate that respiratory activity critically manages both tobramycin uptake and downstream lethality.
Respiratory Enhancement Is Driven by Increased Expression of ETC and Central Metabolism Genes
For fumarate to increase PMF, respiratory activity in the ETC must be elevated at the enzyme and/or substrate level. We hypothesized that fumarate and glyoxylate may exert their opposing effects on the ETC activity by changing the expression of ETC genes. To test this, we performed microarray experiments on fumarate-and glyoxylate-treated cells and examined differences in expression of oxidative phosphorylation and terminal oxidase genes. We found that in comparison to the untreated control, fumarate significantly altered the expression of ETC genes, while glyoxylate appeared to have little effect (Figures 3A and 3B) . Fumarate also significantly altered the expression of upstream central metabolism genes in both the TCA cycle and glycolysis, while glyoxylate did not ( Figures 3C and 3D ). Fumarate notably increased expression of succinate dehydrogenase, malate dehydrogenase, citrate synthetase, and succinyl-coenzyme A (CoA) synthetase in the TCA cycle, while glyoxylate only increased expression of succinyl-CoA synthetase and α-ketoglutarate dehydrogenase ( Figure S3 ). Notably, fumarate also starkly increased the expression of ribosomal genes, signaling a potential increase in translational machinery ( Figure 3E ). Collectively, these results suggest that fumarate treatment promotes a transcriptional metabolic program in P. aeruginosa stationary-phase cells.
TCA Cycle Activity Drives Tobramycin Lethality
While the increased respiratory activity by fumarate may be explained by the increased expression of ETC and central metabolism genes, the suppressed respiratory activity by glyoxylate could not be explained transcriptionally. Glyoxylate has previously been documented to inhibit pyruvate dehydrogenase (Bisswanger, 1981) and isocitrate dehydrogenase (Nimmo, 1986 ) in E. coli and to irreversibly inhibit the α-ketoglutarate dehydrogenase of mammalian cells (Adinolfi et al., 1969) ; glyoxylate may therefore inhibit TCA cycle enzymatic activity in P. aeruginosa. Alternatively, but not exclusively, glyoxylate may divert carbon away from the TCA cycle, either by shunting carbon from succinate dehydrogenase (Caspi et al., 2012) or by decreasing the production of reduced electron carriers by being transformed into oxalate (Quayle et al., 1961) . We therefore hypothesized that glyoxylate-mediated suppression of respiratory activity was due to an upstream inhibition of central metabolism that would reduce substrates available for generating a PMF in the ETC.
To test this hypothesis, we performed metabolite profiling on fumarate-and glyoxylatetreated cells using liquid chromatography-mass spectrometry (LC-MS). While fumarate supplementation did not significantly alter the abundance of TCA cycle metabolites over the control, glyoxylate significantly increased malate, fumarate, citrate, and α-ketoglutarate ( Figure 4A ). Acetyl-CoA was significantly decreased by glyoxylate treatment (below the limit of detection in four of five replicates), indicating depletion of this metabolite. The increases in citrate and α-ketoglutarate indicate that glyoxylate directly inhibits α-ketoglutarate dehydrogenase, resulting in the stalled accumulation of α-ketoglutarate; this cannot be fully resolved by reverse isocitrate dehydrogenase activity due to the reduced availability of free NADH, as supported by the respiratory collapse ( Figure 2B ) and insignificant changes in membrane potential ( Figure 2C ). The accumulation in malate suggests that glyoxylate may be driving acetyl-CoA depletion by fueling malate synthase. The net result is a bypass of the lower TCA cycle. Additionally, we detected significant increases in glycolate and oxalate ( Figure 4B ), confirming that these tobramycin-tolerant stationary-phase cells are actively metabolizing glyoxylate. Collectively, these data indicate that glyoxylate-mediated suppression of cellular respiration and tobramycin sensitivity occurs through a direct, enzymatic blockage of the TCA cycle. These results are also consistent with our observation that supplementation with upper TCA cycle metabolites alone is insufficient for tobramycin sensitization; intact TCA cycle activity is required ( Figure 1C ).
While extracellular fumarate is rapidly consumed ( Figure 4C ), metabolite profiling did not reveal increases in intracellular fumarate ( Figure 4A ). These data indicate that fumarate stimulates increased TCA cycle activity because the relative proportions of TCA cycle metabolites are constrained by the biochemical stoichiometry of TCA cycle reactions. Because cellular fumarate was consumed and respiration ( Figure 2B ), PMF ( Figure 2C ), tobramycin uptake ( Figure 1E ), and lethality ( Figures 1C and 1D ) were all increased, we hypothesized that total TCA cycle activity must also be increased. This is supported by the increased expression of TCA cycle genes ( Figure 3C ), which would help process the increased substrate provided by fumarate supplementation. A corollary of this is that enhanced TCA cycle activity would require enhanced acetyl-CoA conversion into citrate. Our metabolite profiling data support this hypothesis, as acetyl-CoA significantly decreased in fumarate-treated cells. To more directly test these hypotheses, we treated fumaratestimulated cells with two biochemical TCA cycle inhibitors: malonate, an inhibitor of succinate dehydrogenase (Pardee and Potter, 1949) , and furfural, an upstream inhibitor of pyruvate dehydrogenase (Modig et al., 2002) . Inhibition of either enzyme significantly inhibited fumarate sensitization ( Figure 4D ).
Because glyoxylate also appeared to biochemically inhibit TCA cycle activity, we hypothesized that glyoxylate would also suppress fumarate-stimulated respiration and sensitization. We measured the OCR of cells treated with both fumarate and various concentrations of glyoxylate and found progressive suppression of the fumarate-induced respiration ( Figure 5A ). Moreover, glyoxylate inhibited fumarate-mediated sensitization in a dose-dependent manner ( Figure 5B ), which could not be rescued by further fumarate supplementation ( Figure S4 ). We also found that glyoxylate addition as late as 30 min after fumarate treatment still suppressed tobramycin sensitization ( Figure 5C ). Because fumarate appeared to transcriptionally enhance TCA cycle activity, we performed microarray experiments on cells treated with both fumarate and glyoxylate and found that glyoxylate did not inhibit the fumarate-induced changes in gene expression ( Figure S5 ). These corroborate our metabolite profiling data and support our hypothesis that glyoxylate biochemically inhibits TCA cycle activity. Surprisingly, glyoxylate addition to fumaratetreated cells neither suppressed membrane re-polarization ( Figure 5D ) nor reduced tobramycin uptake ( Figure 5E ). These results indicate that drug uptake and downstream lethality are two independent steps in aminoglycoside killing and that both TCA cycle activity and accompanying cellular respiration are required for the antibiotic-induced death process.
Collectively, our data indicate that both TCA cycle and respiratory activity are required for tobramycin lethality. We propose a model where fumarate can promote TCA cycle activity, creating high levels of reduced electron carriers that fuel the ETC ( Figure 6 ); this increases cellular respiration, which enhances PMF-dependent uptake and downstream lethality. In contrast, glyoxylate biochemically inhibits TCA cycle activity and suppresses cellular respiration ( Figures 4E and 6 ). In cells exposed to both carbon sources, fumarate supplies enough carbon to produce NADH sufficient for promoting tobramycin uptake, but glyoxylate inhibits fumarate-induced sensitization by depleting acetyl-CoA and inhibiting α-ketoglutarate dehydro-genase, which consequently redirects carbon flow through the glyoxylate shunt and impairs downstream processes responsible for cell death.
TCA Cycle Perturbations Control Tobramycin Susceptibility in Clinically Relevant Models
In CF patientsunder chronic antibiotic management, P.aeruginosa frequently manifests as persister cells (Mulcahy et al., 2010) or in biofilms (Singh et al., 2000) . Because TCA cycle manipulations by fumarate and glyoxylate capably altered tobramycin sensitivity in stationary-phase cells, we sought to determine if such perturbations would also affect persister cells or biofilm-associated cells. We isolated P. aeruginosa persister cells by treating stationary-phase cells with 5 mg/Lciprofloxacin and then exposing the surviving fraction to 40 mg/L tobramycin in combination with 15 mM fumarate, 30 mM glyoxylate, or a no-carbon-source control ( Figure 7A ). We found that, like stationary-phase cells, persister cells exhibited significant sensitization by fumarate, while glyoxylate exerted a nonsignificant increase in survival. To determine if these effects were specific to fumarate and glyoxylate, we counter-screened the various carbon sources against tobramycin in persister cells and found their potentiation profiles ( Figure S6 ) to be like those of stationary-phase cells ( Figure 1C ).
We next tested the effects of fumarate and glyoxylate on P. aeruginosa biofilms. We treated both young (4 hr) and mature (24 hr) biofilms grown on Luria Broth (LB) agar (Walters et al., 2003) for 24 hr with 8 mg/L tobramycin supplemented with 15 mM fumarate, 30 mM glyoxylate, or a no-carbon-source control. While fumarate strongly potentiated tobramycin sensitivity in young biofilms ( Figure 7B ), it had no effect on mature biofilms ( Figure 7C ). In contrast, glyoxylate significantly protected both young and mature biofilms against tobramycin treatment. The lack of fumarate-mediated sensitization in mature biofilms is likely explained by spatially restricted diffusion of oxygen, tobramycin, and fumarate, as we did find striking fumarate-mediated potentiation of mature biofilms grown on M9 agar, which are smaller and spatially less complex than those grown on LB agar ( Figure S7 ). Collectively, these results suggest that TCA cycle perturbations may be efficacious for eradicating P. aeruginosa in clinical settings.
DISCUSSION
Here, we investigated the metabolic basis for tobramycin susceptibility in the clinically important pathogen P. aeruginosa. We found that TCA cycle activity determines tobramycin sensitivity in conjunction with cellular respiration, which is required for both drug uptake and downstream lethality. This supports prior studies, which noted that drug uptake requires an active ETC (Bryan and Kwan, 1983; Taber et al., 1987) and that amino-glycoside lethality is associated with increased metabolism (Allison et al., 2011; Kohanski et al., 2008) . We propose a model in which some metabolites, such as fumarate, potentiate tobramycin lethality by directly fueling the TCA cycle to induce cellular respiration, while other metabolites such as glyoxylate may protect against tobramycin treatment by shunting flux out of the TCA cycle through carbon redirection and acetyl-CoA depletion ( Figures 4E  and 6 ). This is supported by the suppression of fumarate-induced potentiation by the TCA cycle inhibitors malonate and furfural ( Figure 4D ).
Fumarate as a Potential Antibiotic Adjuvant
Antibiotic development is daunting (Cooper and Shlaes, 2011) and has led to interest in enhancing existing antibiotics with adjuvant molecules (Allison et al., 2011; Barraud et al., 2013; Brynildsen et al., 2013; Hentzer et al., 2003; Lebeaux et al., 2014; Morones-Ramirez et al., 2013) . In addition to bolstering antibiotic efficacy, an effective adjuvant must be safe for the patient and not stimulate virulence. Fumarate appears to be a potentially appealing tobramycin adjuvant for treating Pseudomonas pulmonary infections as it is already approved by the US Food and Drug Administration for treating asthma (e.g., in inhalers with β-adrenergic agonists such as formoterol), removing some regulatory hurdles in the drug development pipeline. Our work suggests that the potentiating effect is likely to be specific to amino-glycosides, as fumarate did not potentiate either the β-lactam ceftazidime or the quinolone ciprofloxacin in our experiments ( Figure S1A ). P. aeruginosa infections associated with CF are challenging due to persistence (Mulcahy et al., 2010) , and inhaled tobramycin is a cornerstone of antimicrobial therapy (McKeage, 2013) . Co-administration of fumarate with tobramycin could potentially increase the success rate of eradication and significantly improve pulmonary function (Gibson et al., 2003b; Ramsey et al., 1999) .
Prior studies have pursued other strategies to potentiate aminoglycosides for treating P. aeruginosa. In particular, mannitol (Barraud et al., 2013) and arginine (Lebeaux et al., 2014) have been shown to resensitize P. aeruginosa biofilms to aminoglycosides; however, in the case of mannitol, most of the effect seemed to be due to osmotic effects, and arginine required very high aminoglycoside concentrations. In contrast, fumarate appears to potentiate tobramycin in the physiologically relevant concentration ranges achievable by intravenous (Vandenbussche and Homnick, 2012) or inhaled administration (Ruddy et al., 2013) . Finally, although the present work primarily focuses on fumarate, we anticipate that other lower TCA cycle and lower glycolysis carbon sources could also have therapeutic value as potential adjuvants.
Glyoxylate as an Inducer of Antibiotic Tolerance
Our data also reveal glyoxylate as a biochemical inducer of tolerance to aminoglycoside in both metabolically active cells and quiescent cells, through its suppression of the TCA cycle activity and cellular respiration. While phenotypic tolerance is generally thought to be transcriptionally mediated by induction of bacterial stress responses (Maisonneuve et al., 2011; Nguyen et al., 2011; Verstraeten et al., 2015) , our present study indicates that tolerance can also be conferred on a purely post-translational level. Work in Pseudomonas fluorescens has revealed that oxidative stress alters carbon flux in the TCA cycle from isocitrate dehydrogenase to isocitrate lyase to produce glyoxylate, which is transformed into oxalate with concomitant production of NADPH as a reduced electron carrier (Singh et al., 2009 ). Consequently, P. fluorescens adapts its TCA cycle to minimize production of reduced electron carriers feeding the ETC, which would further expose the bacterium to reactive oxygen species (Mailloux et al., 2011; Singh et al., 2009) . Similarly, the coincident conversion of malate to pyruvate could produce NADPH to additionally combat the oxidative stress resulting from metabolic activation (Mailloux et al., 2011) . Such scenarios would tip the relative balance of electron carriers toward NADPH in protecting cells against oxidative stress. These observations in P. fluorescens support our overall model whereby metabolic activity downstream of drug uptake is critical for cell fate.
Our metabolite profiling of glyoxylate-treated cells highlights the role of glyoxylatemediated shunting of the lower TCA cycle, bypassing the production of two reducing equivalents (NADH and FADH 2 ) and accounting for the observed decrease in cellular respiration ( Figures 2B and 5A ). This would also explain the dominant inhibition of glyoxylate over fumarate. Fumarate, when shunted by glyoxylate, may produce substrates for NADH production by malate dehydrogenase that enable sufficient PMF buildup and drug uptake. However, decreased enzymatic activity in the lower part of the TCA cycle causes a drop in NADH and FADH 2 production rate, decreasing downstream respiration. Consequently, energy production is insufficient to sustain processes leading to death ( Figure  6 ). Although genetic deletion of the glyoxylate shunt was recently reported to protect against aminoglycoside lethality (Ahn et al., 2016) , those strains exhibited a transcriptional switch toward anaerobic respiration and coincident decrease in oxygen consumption. Those findings complement and support our principal findings here that both TCA cycle activity and downstream respiration are important for aminoglycoside lethality and support our prior observations that antibiotic efficacy is associated with cellular respiration (Lobritz et al., 2015) . Interestingly, some clinical isolates from urinary tract infections and the CF lung exhibit upregulation of the glyoxylate shunt (Berger et al., 2014; Hoboth et al., 2009; Son et al., 2007) , suggesting that the glyoxylate shunt may be a clinically important in vivo tolerance mechanism for managing antibiotic stress; the glyoxylate shunt may warrant further investigation as a therapeutic target.
Bacterial Metabolism and Antibiotic Efficacy
Here, we demonstrate how central carbon metabolites may differentially potentiate or protect against tobramycin lethality in P. aeruginosa by manipulating drug uptake and downstream death processes through their actions on the TCA cycle and cellular respiration. We report that tobramycin may be imported without eliciting cell death (Figure 5 ), which supports previous work from our lab demonstrating that membrane damage due to the accumulation of mistranslated proteins induced by aminoglycosides may lead to a metabolic response detrimental to the cell (Kohanski et al., 2008) . In this model, an increase in translational activity, as supported by our microarray data, would act as a catalyst, further increasing the metabolic response. It is plausible that glyoxylate, by shunting of the lower part of the TCA cycle and suppressing respiration, may additionally undermine this metabolic response. This could contribute to glyoxylate-mediated protection following delayed supplementation to fumarate treatment ( Figure 5C ), when the PMF responsible for uptake has already been established. In summary, our work here supports the growing body of evidence that altered metabolism downstream of the primary antibiotic-target interaction critically influences the overall susceptibility phenotype .
EXPERIMENTAL PROCEDURES Reagents
Antibiotics, most carbon sources, CCCP, NaN 3 , malonate, furfural, DMSO, K 2 CO 3 , and N,N-dimethylformamide were purchased from Sigma-Aldrich. Arabinose and gluconic acid potassium were purchased from Acros Organics. D-Glucose, disodium citrate, mannitol, LB (Miller formulation), and PBS were purchased from Fisher Scientific. M9 minimal medium (parts A and B, containing 7 g/L K 2 HPO 4 , 3 g/L KH 2 HPO 4 , 1 g/L (NH 4 ) 2 SO 4 , 0.1 g/L MgSO 4 , 0.588 g/L sodium citrate) was purchased from MP Biomedicals. DiBAC 4 (3) and Texas red sulfonyl chloride were purchased from Life Technologies.
Strains and Culture Conditions
For all experiments, the P. aeruginosa strain used in this study was PAO1 Ochsner (S.M.M. lab). Unless specified otherwise, all cells were cultured at 37°C, 60% humidity, with 300 rpm shaking in their respective media. Overnight PAO1 cultures were grown by inoculating cells from frozen stock into fresh LB. Stationary-phase cells were prepared by growing cells in LB to OD 600 ~0.25-0.3 and then re-inoculating these cultures at 1:1,000 dilution into 250 mL flasks and incubating for 16 hr, at which point maximal carrier capacity is reached (stationary phase OD 600 ~1.8, density ~5 × 10 9 colony-forming units [CFU]/mL). Exponential-phase cells were obtained by diluting overnight cells 1:50,000 in fresh LB and growing until OD 600 ~0.07-0.1, at which point carbon sources and antibiotics were added. For stationary-phase cells, carbon sources and antibiotics were added to the overnight medium. Persister cells were prepared by treating 25 mL stationary-phase cells for 4 hr with 5 mg/L ciprofloxacin in the spent medium. In all cases, cells grown in LB were washed in PBS and then resuspended in the indicated culture media for each experiment.
Exponential-Phase, Stationary-Phase, Persister Cell Survival
Exponential-phase and stationary-phase cell survival against antibiotics was quantified by introducing tobramycin titrated at different concentrations into LB cultures and incubating for 4 hr. Cells were then washed in PBS and CFU/mL enumerated by 1:10 serial dilution in PBS and plating onto LB agar with 72 hr incubation. For experiments with ceftazidime and ciprofloxacin, stationary-phase cells were treated with 120 mg/L ceftazidime or 5 mg/L ciprofloxacin. Percentage survival was calculated by normalizing to the pretreatment CFU/mL. Experiments were performed in triplicate. Statistical significance between treatment groups was determined by pairwise t tests between each condition and its corresponding control, with multiple-comparison false-discovery rate (FDR) corrections.
Carbon Source Screening
Carbon source screening in stationary-phase and persister cells was performed as previously described (Allison et al., 2011) . Stationary-phase and persister cells were washed in PBS and then resuspended in M9 simultaneously containing 40 mg/L tobramycin with either no carbon supplementation or the addition of the carbon source normalized to achieve a total carbon concentration of 60 mM as described previously (Allison et al., 2011) , yielding 10 mM glucose, 10 mM mannitol, 10 mM fructose, 20 mM propionate, 30 mM acetate, 15 mM fumarate, 15 mM succinate, 15 mM α-ketoglutarate, 12 mM oxaloacetate, 20 mM pyruvate, 10 mM gluconate, 12 mM arabinose, and 12 mM ribose. After 4 hr incubation, 100 μL was sampled for CFU enumeration. Experiments were performed in triplicate. Statistical significance between treatment groups was determined by pairwise t tests between each condition and its corresponding control, with multiple-comparison FDR corrections.
Proton Motive Force
In experiments using respiration inhibitors, samples were pre-treated for 5 min with 50 μM CCCP or 0.1% NaN 3 , before adding fumarate, glyoxylate, and/or tobramycin. DiBAC 4 (3) quantification was performed as previously described (Andres et al., 2005) . DiBAC 4 (3) was resuspended in DMSO to form a 1 mM stock and then diluted to a final concentration of 1 μM. Cells grown to stationary phase as previously described were treated in M9 minimal medium for 25 min with various concentrations of fumarate and/or glyoxylate and CCCP as described above. DiBAC 4 (3) was added for an additional 10 min and cells were analyzed on a BD Cytoflex S flow cytometer for fluorescein isothiocyanate (FITC)-A fluorescence. Experiments were performed in triplicate.
Tobramycin-Texas Red Uptake
Tobramycin was conjugated to Texas red by adapting a previously described protocol for gentamicin (Sandoval et al., 1998) . One milligram of Texas red sulfonyl chloride was resuspended in 50 μL of anhydrous N,N-dimethylformamide on ice. The solution was added slowly to 2.3 mL of 100 mM K 2 CO 3 at pH 8.5, with or without 10 mg/mL tobramycin, on ice. To quantify tobramycin-Texas red uptake, stationary-phase cells were induced by adding carbon sources and incubating for 30 min. Concentrated tobramycin-Texas red was then added to achieve a working concentration of 40 mg/L and samples were incubated for 15 or 45 min as indicated. Cells were prepared for flow cytometry by washing 100 μL of each sample in 1 mL PBS and then resuspending in 1 mL 2% paraformaldehyde. Two hundred microliters of the paraformaldehyde-fixed samples was then diluted into 800 μL of PBS in flow tubes. Samples were analyzed on a BD FACS Aria II flow cytometer for mCherry fluorescence or a Cytoflex 3000 for ECD fluorescence with 30,000 events. Histograms are representative of triplicate experiments.
Bacterial Respiration
Bacterial respiration, estimated by the OCR, was quantified as previously described (Dwyer et al., 2014) using the Seahorse XFe96 extracellular flux analyzer (Agilent Technologies). Briefly, cells were grown to stationary phase, washed in PBS, and resuspended in M9. Cells were diluted 1:100 and then adhered to poly-D-lysine-coated XFe96 microplates and OCR was measured. Basal OCR was measured for 12 min prior to fumarate, glyoxylate, and/or tobramycin injection to verify uniform cell adhesion. OCR measurements were acquired at 6 min intervals. For PMF blockade experiments, CCCP and NaN 3 were added 12 min after fumarate.
Extracellular Fumarate Quantification
Stationary-phase cells were resuspended in M9 with or without 15 mM fumarate. For each time point, samples were collected and centrifuged at high speed, and the supernatant was passed through a 0.2 μm cellulose acetate filter. The filtered supernatants were then quantified using a fumarate assay kit (Sigma-Aldrich). Experiments were performed in triplicate.
Biofilms
Colony biofilms were grown as previously described (Walters et al., 2003) . Briefly, ~5 × 10 5 CFU/mL from an overnight culture was inoculated onto an autoclave-sterilized 0.22 μm polycarbonate filter (GE Osmotics) and placed on 1.5% agar LB or M9 plates and incubated for 24 hr at 37°C. Membranes were then transferred to plates containing M9 ± tobramycin, ± fumarate or glyoxylate using sterilized forceps and incubated for another 24 hr at 37°C. Viable cells were enumerated by resuspending the biofilm biomass in PBS with vigorous vortexing and serial dilution for CFU enumeration. Experiments were performed in triplicate and statistical significance between treatment groups was determined by sets of pairwise t tests between every condition and the control, with multiple-comparison FDR corrections.
Microarray Analysis
Stationary-phase cells were washed in PBS and resuspended in M9 with no carbon supplementation, 15 mM fumarate, or 30 mM glyoxylate, or their combination. Samples for RNA extraction were collected following 1 hr incubation. Total RNA was obtained using RNAprotect (QIAGEN), the RNeasy Protect Bacteria Mini Kit (QIAGEN), and Turbo DNAfree (Life Technologies) DNase treatment, according to the respective manufacturer's instructions. cDNA preparation and hybridization to Affymetrix GeneChip P. aeruginosa microarrays were performed as previously described (Dwyer et al., 2007) . CEL files for the resulting expression profiles were background adjusted and normalized using robust multiarray averaging (Bolstad et al., 2003) . Statistical significance was computed using Welch's t test. Triplicate measurements from treated PAO1 samples were compared with the triplicate untreated samples. For each set of comparisons, p values were corrected for FDR (Storey and Tibshirani, 2003) . Genes with FDR-corrected p values ≤0.05 were deemed statistically significant. Microarray data collected in this study are available for download on the Gene Expression Omnibus (GEO: GSE90620).
Metabolite Profiling
Stationary-phase cells were washed in PBS and resuspended in M9 with no carbon supplementation, 15 mM fumarate, or 30 mM glyoxylate. After 1 hr incubation, cells were pelleted (5 min at 1,400 × g, 4°C), washed with cold PBS, and snap frozen in liquid nitrogen. Quintuplicate samples were collected and sent for analysis by Metabolon (Shakoury-Elizeh et al., 2010) . Relative concentrations for each metabolite were normalized by Bradford protein concentration and scaled to have a median equal to 1. Metabolites detected in fewer than 50% of the total samples (i.e., undetected in ≥8/15 samples) were excluded from analysis. The remaining missing data points were imputed using the lowest detected value across all samples for that metabolite. To quantify significant changes in metabolite abundance between conditions, Welch's two-sample t test was performed on log 2 -transformed relative concentration measurements; the MATLAB mafdr function was used to correct for multiple hypothesis testing using the Storey method (Storey and Tibshirani, 2003) . Metabolites with a p value ≤0.05 and q value ≤0.1 were deemed statistically significant. All data processing and analyses were done in MATLAB R2014b (MathWorks).
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SIGNIFICANCE
Phenotypic tolerance to antibiotic treatment contributes to the growing deficit in effective antimicrobial therapies for chronic infections. Here, we have taken a systems approach, integrating chemical screening, microarray profiling, metabolite profiling, and biochemical measurements to investigate the metabolic mechanisms underlying aminoglycoside susceptibility in Pseudomonas aeruginosa, an important cystic fibrosis pathogen. By screening various central carbon metabolites against the aminoglycoside tobramycin, we discover that lower tricarboxylic acid (TCA) cycle metabolites such as fumarate can potentiate tobramycin lethality in metabolically dormant and phenotypically tolerant stationary-phase cells. This occurs through the potentiation of TCA cycle activity, which increases downstream cellular respiration and proton motive force. Induction of these metabolic processes enhances drug uptake and downstream lethality. In contrast, upper TCA cycle metabolites such as glyoxylate elicit a dominant-negative and protective effect against tobramycin lethality by diverting carbon flux away from the TCA cycle, collapsing cellular respiration, and thereby inhibiting both uptake and lethality. Using biochemical inhibitors of the TCA cycle and electron transport chain, we discover that drug uptake and downstream killing are two separate processes in aminoglycoside lethality and that both TCA cycle activity and cellular respiration are required for downstream killing, even in the presence of imported drug. Collectively, these data identify lower TCA cycle stimulation as a potential strategy for potentiating aminoglycoside therapeutics. Figure S1D . Values in all bar graphs depict the mean ± SEM with significance reported as FDR-corrected p values in comparison with untreated control (CTL): * p ≤0.01, ** p ≤ 0.001, **** p ≤ 0.0001 (n = 3). (A) Schematic of the aerobic respiratory apparatus, including glycolysis, TCA cycle, and electron transport chain (ETC) with dehydrogenases (DH), quinone pool, and cytochrome oxidases (CYT). In addition, ETC inhibitors carbonyl cyanide 3-chlorophenylhydrazone (CCCP, blue) and sodium azide (NaN 3 , green) are depicted near their targets. Proton motive force (PMF) generated by the ETC drives aminoglycoside uptake through its putative transporter (AmT). Schematic depicting TCA cycle utilization in cells treated with fumarate (red), glyoxylate (blue), or their combination (purple). The table below summarizes phenotypic data from this study measuring drug uptake, elevated respiration, and cell death (+, present; −, absent). Drug uptake is necessary but not sufficient to kill P. aeruginosa. 
